In this study, the fatigue failure behaviors of carburized 12Cr2Ni alloy steel were examined in the long-life regime between 10 4 and 10 8 cycles with about 100 Hz under R = 0. Results showed that this alloy steel exhibited the double S-N characteristics with surface failure and interior failure. From a statistical point of view, the correlation coefficient further proved that the fine granular area (FGA) governed the fatigue performance of carburized 12Cr2Ni alloy steel. Based on the generalized extreme values (GEV) distribution and test data, the predicted maximum defect size was about 23.4 µm. Considering the effect of tensile limit, material hardness, and crack size characteristics, the fatigue strength prediction model under stress ratio of 0 could be established. The predicted fatigue limit for carburized 12Cr2Ni alloy steel at 10 8 cycles under R = 0 was 507.86 MPa, and the prediction error of fatigue limit was within 0.04. Therefore, the results were extremely accurate.
Introduction
Due to the higher demand for reliability and safety of mechanical components in industrial design, the fatigue characteristics of structural materials has received increasingly more attention from researchers working on the field of long-life fatigue [1, 2] . High carbon [3] , Ti-6Al-4V [4] , and high-strength alloy steel [5] have been shown to transition between surface failure in short-life region and interior failure in long life region and form typical double S-N curves. In the long-life regime, although some factors relating to the fatigue properties of materials have been previously studied, such as load type [6, 7] , environment [8] , defect size [6, 9] , surface conditions [10, 11] , and frequency [12] , the development of a fatigue strength prediction model has still not been intensively studied.
When the fatigue life is larger than 10 6 cycles, interior-failure mode often occurs in the alloy steel, and its typical characteristic is a fisheye feature on the fracture surface [13] . Approximately in the center of the fisheye, there is an inclusion which original induced fatigue failure [14] , and a rough area can be observed around the inclusion [11] . Sakai [3] called this special region fine granular area (FGA). The three stages of the FGA formation process are as follows [15] : (1) grain refinement, (2) coalescence of microcracks, and (3) FGA formation. Over the years, researchers have attempted to explain the FGA formation process in different ways, such as depressive decohesion of spherical carbide [16] , hydrogen embrittlement-assisted cracking [17] , cyclic compression between crack faces [18] , numerous cyclic pressing [19, 20] , grain refinement and local stress threshold decreasing [21] , and nanograin refinement at negative stress effect [2] . The varied theories on the formation of the FGA means the topic needs further study and discussion.
There is, however, one conclusion that all researchers agree to and that is that the FGA governs the long-life behavior of materials. Based on this fact, some fatigue strength prediction models have also been developed [14, [22] [23] [24] . Murakami [25] et al., for instance, successfully set up a fatigue strength prediction model on the basis of hardness (HV) and defect size. Similarly, other models have looked at growth rate [26] , log-log straight line [27] , etc. in combination with the defect size. However, although these models can reflect the failure mechanism of materials to a certain extent, they are no longer applicable when the FGA becomes difficult to be observed in the long-life region for some materials.
In this paper, the long-life fatigue performance of carburized 12Cr2Ni alloy steel under R = 0 was researched. Using the S-N characteristics, failure mechanisms, crack size characteristics, correlation analysis, and stress intensity factor, a fatigue strength prediction model connected with R = 0 and with maximum inclusion size is proposed.
Experimentation

Test Specimen and Microstructure
In this research, 12Cr2Ni alloy steel was studied, and its main chemical compositions (mass percentage) were as follows: 0.035 S, 0.60 Mn, 0.035 P, 0.16 C, 0.37 Si, 1.65 Cr, and 3.65 Ni. The carburizing process was carried out in several steps. First, the vacuum furnace was filled with the fresh acetylene gas by a rotary pump at 1 Pa pressure. Then, the specimens were put into the chamber of a vacuum furnace whose pressure was raised to 650 Pa. Next, the furnace was heated to 880 • C and held for 0.5 or 1 h soaking time. The furnace was then heated to the carburizing temperature of about 945 • C and held for 30 min. After the carburizing process, specimens were quenched and tempered as follows: (1) first quenching: 650 • C × 4 h + air cooling; (2) secondary quenching: 800 • C × 3 h + oil cooling; and (3) tempering: 150 • C × 5 h + air cooling.
Using abrasive papers with grits from p600 to p2000, the round-notch surfaces of specimens were gradually polished. The final diameter of the minimum cross section was 4.5 mm, and the surface roughness was about 3.2 µm. The overall structure and dimensions of the fatigue specimen are shown in Figure 1 . The stress concentration factor of specimens with an axial-type loading was about 1.02 in this study [28] . 
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Using abrasive papers with grits from p600 to p2000, the round-notch surfaces of specimens were gradually polished. The final diameter of the minimum cross section was 4.5 mm, and the surface roughness was about 3.2 μm. The overall structure and dimensions of the fatigue specimen are shown in Figure 1 . The stress concentration factor of specimens with an axial-type loading was about 1.02 in this study [28] . Scanning electronic microscope (SEM) etched with a 4% alcohol-nitric acid solution was used to observe the microstructures in the carburized layer and the core region, as shown in Figure 2a ,b. It was apparent that the acicular martensite, together with partially residual austenites, constituted the microstructures in the carburized layer and that the lattice structure was dense. The microstructures in the core region were mainly the lath martensite. Moreover, using energy-dispersive X-ray spectrometer (EDS), some nonmetallic inclusions with chemical composition of Al2O3 could also be found in the microstructure, as indicated in Figure 2c . The other chemical components for inclusions could not be found on the fracture surface. The shear modulus (μinc) and Poisson's ratio of the inclusion (υi) were around 156 GPa and 0.25, respectively [29] .
A large electrohydraulic servo torsion fatigue testing machine (MTS 809 which was made by MTS systems Corporation in Eden Prairie, MN, USA) was used for the tensile test. The specifications of the test machine were as follows: maximum axial load 250 kN, maximum torque 2000 N•m, and maximum torsion angle ± 50°. Using the MTS 809 testing system and five specimens, the tensile strength of carburized 12Cr2Ni alloy steel (σb), was measured to be around 1780 MPa.
The nanoindentation test was carried out using the continuous stiffness method (CSM) with Nano Indenter G200. The fixed indentation depth was 2000 nm, and the surface approach velocity Scanning electronic microscope (SEM) etched with a 4% alcohol-nitric acid solution was used to observe the microstructures in the carburized layer and the core region, as shown in Figure 2a ,b. It was apparent that the acicular martensite, together with partially residual austenites, constituted the microstructures in the carburized layer and that the lattice structure was dense. The microstructures in the core region were mainly the lath martensite. Moreover, using energy-dispersive X-ray spectrometer (EDS), some nonmetallic inclusions with chemical composition of Al 2 O 3 could also be found in the microstructure, as indicated in Figure 2c . The other chemical components for inclusions could not be found on the fracture surface. The shear modulus (µ inc ) and Poisson's ratio of the inclusion (υ i ) were around 156 GPa and 0.25, respectively [29] .
A large electrohydraulic servo torsion fatigue testing machine (MTS 809 which was made by MTS systems Corporation in Eden Prairie, MN, USA) was used for the tensile test. The specifications of the test machine were as follows: maximum axial load 250 kN, maximum torque 2000 N·m, and maximum torsion angle ± 50 • . Using the MTS 809 testing system and five specimens, the tensile strength of carburized 12Cr2Ni alloy steel (σ b ), was measured to be around 1780 MPa.
The nanoindentation test was carried out using the continuous stiffness method (CSM) with Nano Indenter G200. The fixed indentation depth was 2000 nm, and the surface approach velocity was 10 nm/s. The measured value of Vickers hardness was about 613 in the center matrix and about 990 in the surface layer, as shown in Figure 3a , and the depth of the carburized layer was about 1200 µm. Based on electrolytic corrosion and TEC 4000 X-ray diffraction, the distribution of residual stress could be obtained, as shown in Figure 3b . The results showed that as the depth increased, the residual stress decreased first, then increased to the positive stress, and then decreased to 0 MPa. When the depth from the surface was 214 μm, the maximum value of residual compressive stress was about 460 MPa When the depth from surface was near 930 μm, the value of residual stress was greater than 0 MPa, and the maximum residual tensile stress was about 35 MPa. The main reason for this phenomenon is to balance the stress in the radial direction of the specimen. Moreover, when the depth was greater than 1100 μm, the value of residual stress approached 0 MPa, as indicated by the shaded section in Figure 3b . Combined with Figure 3a , the depth of the carburized layer was calculated as about 1200 μm. Based on electrolytic corrosion and TEC 4000 X-ray diffraction, the distribution of residual stress could be obtained, as shown in Figure 3b . The results showed that as the depth increased, the residual stress decreased first, then increased to the positive stress, and then decreased to 0 MPa. When the depth from the surface was 214 μm, the maximum value of residual compressive stress was about 460 MPa When the depth from surface was near 930 μm, the value of residual stress was greater than 0 MPa, and the maximum residual tensile stress was about 35 MPa. The main reason for this phenomenon is to balance the stress in the radial direction of the specimen. Moreover, when the depth was greater than 1100 μm, the value of residual stress approached 0 MPa, as indicated by the shaded section in Figure 3b . Combined with Figure 3a , the depth of the carburized layer was calculated as about 1200 μm. Based on electrolytic corrosion and TEC 4000 X-ray diffraction, the distribution of residual stress could be obtained, as shown in Figure 3b . The results showed that as the depth increased, the residual stress decreased first, then increased to the positive stress, and then decreased to 0 MPa. When the depth from the surface was 214 µm, the maximum value of residual compressive stress was about 460 MPa When the depth from surface was near 930 µm, the value of residual stress was greater than 0 MPa, and the maximum residual tensile stress was about 35 MPa. The main reason for this phenomenon is to balance the stress in the radial direction of the specimen. Moreover, when the depth was greater than 1100 µm, the value of residual stress approached 0 MPa, as indicated by the shaded section in Figure 3b . Combined with Figure 3a , the depth of the carburized layer was calculated as about 1200 µm.
Fatigue Test
At room temperature, the fatigue tests under R = 0 were performed with the axial-type high-frequency fatigue testing machine QBG-100kN (electromagnetic excitation mode) which was made by Changchun Qianbang in Chuangchun of china, and two specimens were tested at each stress level. The loading frequency was about 100 Hz, and the long-life failure regime was between 10 4 and 10 8 cycles. In addition, using the PortixB infrared thermometer, all the specimens were detected, indicating that there was no heating of specimens during the fatigue tests. After completing the long-life fatigue test of the specimens, all the fatigue fracture surfaces were observed with SEM, and the crack initiation position and failure mechanism were analyzed.
Results
S-N Curves
At each stress level, results were obtained for carburized 12Cr2Ni alloy steel under the stress ratio of 0. In addition, a distinct duplex S-N curves in the life region between 10 4 and 10 8 cycles could be seen. Figure 4 shows two S-N curves plotted to represent the S-N characteristics of carburized 12Cr2Ni alloy steel based on different crack growth rates and the least-squares method. The dashed and solid lines show the surface failure and interior failure, respectively. It can be seen that for the surface failure, the surface fatigue limit around the 10 6 cycle was 600 MPa based on the determination of the presence or absence of surface failure mode, as indicated by the shaded section in Figure 4 . For the interior failure, the carburized 12Cr2Ni alloy steel showed a continuous decline in S-N curves between 10 5 and 10 8 cycles. As the applied stress level at 10 8 cycles was defined as the fatigue strength for failure from interior, σ w-i , the value of σ w-i was calculated to be about 490 MPa using fitted lines. 
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Failure Fracture Surface and Failure Mechanism
Based on SEM analysis of the initial failure position and the failure mechanism of fracture surfaces in the specimens, the fatigue failure modes could be divided into surface failure and interior failure with FGA for carburized 12Cr2Ni under R = 0.
The interior failure indicated a typical fisheye characteristic, as shown in Figure 5a -c. The features of inclusion-FGA-fisheye could be clearly observed on the fracture surface from inside to outside. The stress concentration caused by the strain inconsistency between the inclusion and the matrix structure led to the failure of the specimen where the source of the crack was a nonmetallic defect. Around the inclusion, a particular rough area, i.e., the fine granular area, could be observed, as shown in Figure 5b . The main reason for the formation of FGA was the crack closure effect associated with plastic deformation and crystal slip under cyclic loading condition. In other words, FGA could be observed even if the stress ratio was 0. However, as the values of the crack closure effect decreased under stress ratio of 0, the morphology of FGA was not as obvious as that under negative stress ratios, as shown in Figure 5c . Outside the fisheye, the surface roughness near the carburized layer side was lower than that in the center. This was because the high hardness in the carburized layer inhibited crack propagation. Based on the characteristics of fracture surface and failure mechanism, the surface of failure specimen could be divided into four areas: (i) inclusion, (ii) FGA, (iii) fisheye, and (iv) momentary fracture area (MFA), as shown in Figure 5a ,b.
the interior failure, the carburized 12Cr2Ni alloy steel showed a continuous decline in S-N curves between 10 5 and 10 8 cycles. As the applied stress level at 10 8 cycles was defined as the fatigue strength for failure from interior, σw-i, the value of σw-i was calculated to be about 490 MPa using fitted lines. Based on SEM analysis of the initial failure position and the failure mechanism of fracture surfaces in the specimens, the fatigue failure modes could be divided into surface failure and interior failure with FGA for carburized 12Cr2Ni under R = 0.
The interior failure indicated a typical fisheye characteristic, as shown in Figure 5a -c. The features of inclusion-FGA-fisheye could be clearly observed on the fracture surface from inside to outside. The stress concentration caused by the strain inconsistency between the inclusion and the For the surface failure, the typical semi-arc morphology characteristics could be obtained under R = 0, as indicated in Figure 5d ,e. The SD-SSA-SRA feature could be clearly observed on the fracture
surface from outside to inside. In the same way, the stress concentration caused by the strain inconsistency between the surface inclusion and the matrix structure led to the failure of specimens where the source of the crack was surface nonmetallic defect. In the SRA, the surface roughness was larger, and transgranular fracture often occurred, as shown in Figure 5e . Outside of the SRA, the fracture surface could be defined as momentary fracture area. As the surface inclusions were all defined as surface defect (SD), and because different crack morphologies in different areas are caused by different crack propagation rates, the entire fracture surface with surface-induced failure could be roughly divided into four areas: (i) SD, (ii) SSA, (iii) SRA, and (iv) MFA, as shown in Figure 5d. 
Evaluation of Crack Characteristic
From the partition of the fracture surface, shown in Section 3.2, the parameter d inc was defined to indicate the depth of interior inclusion from the center to the nearest edge of fracture surface. The variables r inc , r FGA , and r fisheye were used to indicate the radius of inclusion, FGA, and fisheye on the interior fracture surface, respectively. In the same way, r SD and r SSA were used to indicate the radius of SD and SSA on the surface of the fracture surface, respectively.
The distribution between d inc and σ a are shown in Figure 6 . It can be seen that the values of d inc scattered in the range of 506-1765 µm, and some values were larger than the depth of the carburized layer. At high stress levels, the cracks initiated from both the carburized layer and the matrix region. The main reason for this was that the applied maximum stress overcame the high hardness and residual stress in the carburized layer. However, for low-stress regions, the crack mainly initiated from the matrix region, as indicated by the dots in Figure 6 . The values of d inc at stress amplitude of 500 MPa were 1135 and 1289 µm. 
From the partition of the fracture surface, shown in Subsection 3.2, the parameter dinc was defined to indicate the depth of interior inclusion from the center to the nearest edge of fracture surface. The variables rinc, rFGA, and rfisheye were used to indicate the radius of inclusion, FGA, and fisheye on the interior fracture surface, respectively. In the same way, rSD and rSSA were used to indicate the radius of SD and SSA on the surface of the fracture surface, respectively. Figure 6 . Relationships between the depth of interior inclusion from the center to the nearest edge (dinc) and stress amplitude (σa).
The distribution between dinc and σa are shown in Figure 6 . It can be seen that the values of dinc scattered in the range of 506-1765 μm, and some values were larger than the depth of the carburized layer. At high stress levels, the cracks initiated from both the carburized layer and the matrix region. The main reason for this was that the applied maximum stress overcame the high hardness and residual stress in the carburized layer. However, for low-stress regions, the crack mainly initiated from the matrix region, as indicated by the dots in Figure 6 . The values of dinc at stress amplitude of 500 MPa were 1135 and 1289 μm. From Figure 7 , it can be seen that the average value of r SD was 5.9 µm, which was independent of the stress level as denoted by the dashed black line. The main reason for this phenomenon was the machining process, i.e., the number of failure cycles was independent of the inclusion size and depended on the stress level. Moreover, the distribution of the values of r SSA tended to decrease with decreasing fatigue life, as indicated by the solid black line, and the rate of decrease was relatively slow. The values of r SSA scattered in the range of 143.3-163.4 µm. scattered in the range of 506-1765 μm, and some values were larger than the depth of the carburized layer. At high stress levels, the cracks initiated from both the carburized layer and the matrix region. The main reason for this was that the applied maximum stress overcame the high hardness and residual stress in the carburized layer. However, for low-stress regions, the crack mainly initiated from the matrix region, as indicated by the dots in Figure 6 . The values of dinc at stress amplitude of 500 MPa were 1135 and 1289 μm. From Figure 7 , it can be seen that the average value of rSD was 5.9 μm, which was independent of the stress level as denoted by the dashed black line. The main reason for this phenomenon was the machining process, i.e., the number of failure cycles was independent of the inclusion size and The distribution of r inc and r FGA in the long-life region are indicated in Figure 8 . Firstly, the values of r inc scattered within the red shaded region, and the average value was about 16.2 µm. The constant size of the inclusion was mostly due to the melting technique, i.e., the size of the inclusion was only related to the melting technique and was independent of stress level. Secondly, the distribution of the values of r FGA all had the tendency to decrease with decreasing N f , as denoted by the dotted black line within the black shaded region. The values of r FGA scattered in the range of 20.5-28.1 µm. As can be seen from Figure 9 , the distribution of the values of r fisheye in the long-life region also had the tendency to decrease with decreasing N f . The values of r fisheye scattered in the range of 400.9-557.3 µm, and the scatter band was calculated as 1.24 based on the ratio of maximum offset value to mean value of fisheye. The distribution of rinc and rFGA in the long-life region are indicated in Figure 8 . Firstly, the values of rinc scattered within the red shaded region, and the average value was about 16.2 μm. The constant size of the inclusion was mostly due to the melting technique, i.e., the size of the inclusion was only related to the melting technique and was independent of stress level. Secondly, the distribution of the values of rFGA all had the tendency to decrease with decreasing Nf, as denoted by the dotted black line within the black shaded region. The values of rFGA scattered in the range of 20.5-28.1 μm. As can be seen from Figure 9 , the distribution of the values of rfisheye in the long-life region also had the tendency to decrease with decreasing Nf. The values of rfisheye scattered in the range of 400.9-557.3 μm, and the scatter band was calculated as 1.24 based on the ratio of maximum offset value to mean value of fisheye.
In order to determine which crack characteristic strongly affected the fatigue life of carburized 12Cr2Ni alloy steels, based on the test data, the correlation coefficient and the statistical significance between the crack characteristic parameters and the final fatigue life, Nf, needed to be first In order to determine which crack characteristic strongly affected the fatigue life of carburized 12Cr2Ni alloy steels, based on the test data, the correlation coefficient and the statistical significance between the crack characteristic parameters and the final fatigue life, N f , needed to be first established. In the field of statistics, correlation coefficient, which is described as r ij , can be used to measure the correlation between two variables. The equation can be determined as follows:
where x i and x j are variables, and m is the number of variables. Accordingly, SP ij , SS i , and SS j can be expressed as follows:
where x i and x j are the average values of x i and x j , respectively. If r ij → 1 , this indicates that the correlation between variables x i and x j is stronger. If r ij → 0 , this means that there is no correlation. Furthermore, the statistical significance of the correlation coefficient can be expressed with the following formula:
where df and n are the degree of freedom and the number of samples, respectively. The meaning of Sig. is significant, and this symbol corresponds to the p-value. If Sig. ≤ 0.05, this indicates that the correlation coefficient between variables x i and x j is significant. If Sig. ≤ 0.01, this indicates that the correlation coefficient between variables x i and x j is strongly significant. If Sig. > 0.05, this means that there is no significance between variables x i and x j . Based on Equations (1) and (5), the correlation coefficient and the statistical significance between the crack sizes and fatigue life could be established. The results are indicated in Table 1 , which shows the correlation coefficients between r inc , r FGA , r fisheye , and Log(N f ). We can see that r inc was not related to Log(N f ) as Sig. > 0.05. In the same way, the correlation coefficient between r FGA and Log(N f ) and r fisyeye and Log(N f ) were strongly significant as Sig. ≤ 0.01; the correlation between r FGA and Log(N f ) was the highest. This proves that the crack initiation behaviors from inclusion to the FGA once again governed the fatigue performance of carburized 12Cr2Ni alloy steels for interior fracture in the long-life region. 
Discussion of Stress Intensity Factor Based on Crack Size
For the interior-failure mode with inclusion-FGA-fisheye characteristic on the fracture surface, these crack characteristic can be used to calculate the stress intensity factor (SIF) [30] . Therefore, SIF ranges at the front of the crack can be written as follows [31] :
∆K inc, or FGA and or fisheye = 2 π ∆σ πr inc, or FGA and or fisheye (6) where ∆σ is the maximum stress range. For surface failure, the maximum SIF ranges can be given as follows [32] :
Since
where E(k) is between 1 and π/2. Thus, ∆K SD and ∆K SSA can be rewritten as follows:
∆K SD and or SSA = ∆σ √ πr SD or SSA (9) The distribution of ∆K inc , ∆K SD , and ∆K FGA at different stress levels under R = 0 are given in Figure 10 . The values of ∆K inc had a tendency to decrease with decreasing stress level between 4.5 and 5.6 MPa·m 1/2 , as indicated by the dashed red line. Similarly, the values of ∆K SD had a tendency to decrease with decreasing stress level between 4.9 and 5.8 MPa·m 1/2 , and the rate of decrease was greater than that of ∆K inc , as indicated by the grey shaded region in Figure 10 . According to the fracture mechanics theory, surface fatigue failure will not occur when the surface SIF is lower than a certain value. In this paper, this certain value for carburized 12Cr2Ni alloy steel was 4.9 MPa·m 1/2 , as indicated by the solid black line in Figure 10 .
Moreover, the distribution of ∆K FGA was also obtained, as indicated in Figure 10 . It was obvious that the value of ∆K FGA was a constant quantity, which was greater than the maximum value of ∆K inc , and the average value was about 6.2 MPa·m 1/2 . This meant that the FGA region could be observed when the maximum SIF of the interior defect was smaller than 6.2. According to the morphology of the FGA region and the tip crack closure effect, a large part of fatigue life is consumed in the formation of FGA. The crack propagation rate in this area is slower, and this area between inclusion and FGA is defined as the small crack initiation stage.
( ) 1 Figure 10 . Relationships between stress intensity factor of SD (ΔKSD), stress intensity factor of inclusion (ΔKinc), stress intensity factor of FGA (ΔKFGA) and σa.
The distribution of ΔKinc, ΔKSD, and ΔKFGA at different stress levels under R = 0 are given in Figure  10 . The values of ΔKinc had a tendency to decrease with decreasing stress level between 4.5 and 5.6 MPa•m 1/2 , as indicated by the dashed red line. Similarly, the values of ΔKSD had a tendency to decrease with decreasing stress level between 4.9 and 5.8 MPa•m 1/2 , and the rate of decrease was greater than that of ΔKinc, as indicated by the grey shaded region in Figure 10 . According to the fracture mechanics theory, surface fatigue failure will not occur when the surface SIF is lower than a certain value. In this paper, this certain value for carburized 12Cr2Ni alloy steel was 4.9 MPa•m 1/2 , as indicated by the solid black line in Figure 10 .
Moreover, the distribution of ΔKFGA was also obtained, as indicated in Figure 10 . It was obvious that the value of ΔKFGA was a constant quantity, which was greater than the maximum value of ΔKinc, and the average value was about 6.2 MPa•m 1/2 . This meant that the FGA region could be observed when the maximum SIF of the interior defect was smaller than 6.2. According to the morphology of the FGA region and the tip crack closure effect, a large part of fatigue life is consumed in the formation of FGA. The crack propagation rate in this area is slower, and this area between inclusion and FGA is defined as the small crack initiation stage. The relationship between ∆K fisheye , ∆K SSA , and σ a are indicated in Figure 11 . The distribution of ∆K fisheye and ∆K SSA are indicated in the black shaded region and red shaded region, respectively. It can be seen that these figures were also more or less constant, and the average value was 27.7 MPa·m 1/2 , as indicated by the solid black line. Combined with the theory of fracture mechanics and the morphology of the fracture surface outside of the fisheye or SSA, ∆K fisheye or ∆K SSA could be indicated as the boundary between the stable crack propagation stage and the rapid crack propagation stage. Above this certain value, the fatigue specimen would quickly fail. Stress amplitude  a , MPa Figure 11 . Relationships between stress intensity factor of SSA (ΔKSSA), stress intensity factor of fisheye (ΔKfisheye) and σa.
The relationship between ΔKfisheye, ΔKSSA, and σa are indicated in Figure 11 . The distribution of ΔKfisheye and ΔKSSA are indicated in the black shaded region and red shaded region, respectively. It can be seen that these figures were also more or less constant, and the average value was 27.7 MPa•m 1/2 , as indicated by the solid black line. Combined with the theory of fracture mechanics and the morphology of the fracture surface outside of the fisheye or SSA, ΔKfisheye or ΔKSSA could be indicated as the boundary between the stable crack propagation stage and the rapid crack propagation stage. Above this certain value, the fatigue specimen would quickly fail.
Construction of the Fatigue Strength Model
Evaluation of Maximum Defect Size
The maximum defect size of alloy steel can be calculated using the generalized extreme values Figure 11 . Relationships between stress intensity factor of SSA (∆K SSA ), stress intensity factor of fisheye (∆K fisheye ) and σ a .
Construction of the Fatigue Strength Model
Evaluation of Maximum Defect Size
The maximum defect size of alloy steel can be calculated using the generalized extreme values (GEV) method during a certain control volume of alloy steel, V (units: mm 3 ) , and when the defect sizes (interior inclusion size) are consistent with the GEV distribution [33] . The cumulative function based on GEV distribution can be expressed as follows:
where α is scale parameter, λ is location parameter, and η is shape parameter. Based on the equation of mean rank, x i and y i can be given as follows:
Based on the linear regression optimization method and the inclusion size data in Figure 12 , the value of η was obtained, and the calculated size of η was −0.145. Similarly, the values of α and λ was estimated using the distribution characteristic of the x i -y i diagram graph, and the calculated sizes of α and λ were found to be 1.788 and 15.425, respectively. Assuming that the volume of the carburized 12Cr2Ni alloy steel is predicted to be V, the return period can be calculated as follows:
Where 00 = V hS (14) /
where V0 is the volume of the average cross section, S0 is the minimum area of funnel of the test specimen, and h is the average size of defect. Based on the test data and overall dimension of the specimen, the value of V0, S0, and h were 0.257 mm 3 , 15.896 mm 2 , and 16.159 μm, respectively.
Thus, based on Equations (11) and (12), when the volume is V, the maximum characteristic defect size of the carburized 12Cr2Ni alloy steel can be rewritten as follows: Assuming that the volume of the carburized 12Cr2Ni alloy steel is predicted to be V, the return period can be calculated as follows:
where
where V 0 is the volume of the average cross section, S 0 is the minimum area of funnel of the test specimen, and h is the average size of defect. Based on the test data and overall dimension of the specimen, the value of V 0 , S 0 , and h were 0.257 mm 3 , 15.896 mm 2 , and 16.159 µm, respectively.
Thus, based on Equations (11) and (12) , when the volume is V, the maximum characteristic defect size of the carburized 12Cr2Ni alloy steel can be rewritten as follows:
For the carburized 12Cr2Ni alloy steel, V can be defined as follows [34] :
where d is the minimum size of funnel of the test specimen, and l is the axial length between the cross sections on both sides where the cross-sectional stress is reduced to 90% of the minimum cross-sectional stress in the axial direction. Based on the simulation, the sizes of d and l were 4.5 mm and 21.3 mm, respectively. Thus, the size of V for the carburized 12Cr2Ni alloy steel was calculated to be about 338.7 mm 3 .
The distribution of the maximum defect size versus V for carburized 12Cr2Ni alloy steel is given in Figure 13 . The results showed that the defect size had a tendency to decrease with the decrease in V, and the trend gradually approached a certain value. For carburized 12Cr2Ni alloy steel, the maximum defect size (r inc-max ) was about 23.4 µm under V = 338.7 mm 3 . 
Model Construction
It is known that the crack initiation behaviors from inclusion to the FGA governs the fatigue life of carburized 12Cr2Ni alloy steels for interior fracture at low-stress regions. In other words, combined with what is shown in Figures 3 and 6 , the fatigue limit of carburized 12Cr2Ni alloy steels was strongly related to the crack initiation life, and the formation of FGA was not affected by residual stress for low-stress region. Even if some inclusions were located in the carburized layer at stress level of 500 MPa, the residual stress at the position of the inclusion was nearly 0 MPa. Thus, the fatigue strength prediction model according to 10 8 cycles could ignore the influence of the residual stress at low-stress region. Moreover, for the high-stress region, the effect of residual stress on fatigue strength is significant and will be further studied in the future.
For interior-failure in high-cycle fatigue regime (10 7 cycle), Murakami [35] proposed a theoretical model to predict the fatigue strength under different stress ratio, and the equation can be written as follows: 
Therefore, for the fatigue fracture specimen with fatigue limit according to 10 8 cycles, the crack source was mainly located in the core region of the specimen. Thus, the value of HV for 12Cr2Ni alloy steel was 613. As α = 0.226 + HV × 10 −4 , the value of α was evaluated to be 0.2873.
Based on Equation (20) and test data of carburized 12Cr2Ni alloy steel, the distribution of σ w versus V is shown in Figure 14 . As can be seen, the variation trend of predicted sizes of σ w increased with the decrease in V. Compared with Figures 13 and 14 , the maximum defect size increased with the increase in V, while the predicted value of σ w decreased with the increase in V; the variation trend of the two predicted values was just the opposite. This might be because the increase in defect size induced larger stress concentration, while it further reduced fatigue strength of the carburized 12Cr2Ni alloy steel, i.e., the larger the defect size, the lower was the actual fatigue strength. This conclusion is similar to Murakami's model in Reference [35] . Combined with the value of V from Figure 13 , the predicted result of the fatigue limit for carburized 12Cr2Ni alloy steel at 10 8 cycles was 507.86 MPa. In contrast to the fatigue strength obtained from the test data by fitted line in Section 3.1, the predicted value of σ w was a little larger, and the prediction error was within 0.04. This means that even if the potential fatigue strength of carburized 12Cr2Ni alloy steel is improved, the modified model can still be used for fatigue strength prediction under R = 0. The accuracy of the prediction of fatigue strength at other stress ratios and specimen shapes will be tested and examined in the future to further validate this model. that even if the potential fatigue strength of carburized 12Cr2Ni alloy steel is improved, the modified model can still be used for fatigue strength prediction under R = 0. The accuracy of the prediction of fatigue strength at other stress ratios and specimen shapes will be tested and examined in the future to further validate this model. 
Major Conclusions
The major conclusions that can be drawn from the present study are as follows: 1. Surface failure and interior failure in carburized 12Cr2Ni alloy steel showed double S-N curves between 10 4 and 10 8 , and the fatigue limit was 490 MPa with fitted line. 2. Based on correlation analysis of the fracture surfaces, it was further confirmed that the formation of FGA governed the fatigue performances of carburized 12Cr2Ni alloy steel at low stress levels. 3. Using the GEV method and test data, the defect size was shown to have a tendency to decrease with the decrease in V, and the predicted maximum defect size was calculated as 23.4 μm.
4.
Considering the effect of the tensile limit, material hardness, and crack characteristic sizes, a fatigue strength prediction model under stress ratio of 0 was successfully established, and the result was extremely accurate. 
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1. Surface failure and interior failure in carburized 12Cr2Ni alloy steel showed double S-N curves between 10 4 and 10 8 , and the fatigue limit was 490 MPa with fitted line.
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Based on correlation analysis of the fracture surfaces, it was further confirmed that the formation of FGA governed the fatigue performances of carburized 12Cr2Ni alloy steel at low stress levels.
